Human active renin can be separated into at least five forms by isoelectric focusing. The present study assessed the preferential renal secretion and hepatic degradation of renin forms in humans. The renin form profile of secreted renal renin was determined before transplant in an ex vivo kidney donor perfusion system and compared with the peripheral plasma multiple renin form profile of normal subjects. The effect of hepatic degradation on renin forms was assessed in hepatic vein plasma in comparison with infrarenal vena cava plasma in hypertensive patients during renal vein renin studies. The results revealed a significantly greater proportion of the more basic forms in the perfusate of donor kidneys compared with normal plasma. In hypertensive patients the proportion of the more basic renin forms in the hepatic vein was significantly decreased in comparison with the infrarenal vena cava. Thus, the human kidney may preferentially secrete the more basic renin forms. In contrast, the liver preferentially degrades the more basic forms, giving these forms a shorter plasma half-life. The preferential secretion and clearance of the more basic forms of renin may contribute to short-term control of human renin-angiotensin system activity. (Hypertension 1990,16:669-676) T he renin-angiotensin system is intricately regulated to maintain short-and long-term blood pressure and volume control. One level of regulation is the concentration of circulating plasma renin, determined by the balance of renal renin secretion and hepatic and renal renin degradation. Although hepatic degradation has been less well studied than renin secretion in the control of the plasma renin concentration, its importance is indicated by findings of single pass hepatic extractions of renin ranging from 13% to 38%.! In addition, hepatic renin degradation appears quantitatively more important than renal degradation in the rat.
T he renin-angiotensin system is intricately regulated to maintain short-and long-term blood pressure and volume control. One level of regulation is the concentration of circulating plasma renin, determined by the balance of renal renin secretion and hepatic and renal renin degradation. Although hepatic degradation has been less well studied than renin secretion in the control of the plasma renin concentration, its importance is indicated by findings of single pass hepatic extractions of renin ranging from 13% to 38%.! In addition, hepatic renin degradation appears quantitatively more important than renal degradation in the rat. 2 Reduced hepatic clearance of renin contributes to increased plasma renin activity in models of sodium depletion 34 and heart failure 5 as well as human hepatic cirrhosis. 6 -8 Plasma active renin has been separated into multiple forms by isoelectric focusing in both animals and humans. 9 - 11 The functional significance of isoelectric renin heterogeneity has not been clearly established. Renin forms appear to have differing - 13 and blood pressure correlates with the more acidic renin forms in the stroke-prone spontaneously hypertensive rat. 14 This apparent functional heterogeneity of renin forms may result from preferential vascular or tissue access due to differing net negative charges (isoelectric points). In addition, the isoelectrically heterogeneous renin forms have different plasma half-lives in the rat and dog due to preferential hepatic degradation. 15 - 16 In view of the multiple renin forms with differing functional effects and plasma half-lives, preferential renal secretion as well as hepatic degradation of specific renin forms could provide an additional level of regulation of renin-angiotensin system activity.
The present study evaluated renal secretion and hepatic degradation of the multiple renin forms in humans. The renin form profile of secreted renal renin was determined ex vivo in a kidney donor perfusion system, in the absence of hepatic degradation, and compared with the peripheral plasma multiple renin form profile of normal subjects. The hepatic clearance of the multiple renin forms was determined using hepatic vein samples from hypertensive patients undergoing renal vein renin studies. The findings revealed preferential renal secretion and hepatic clearance of the relatively basic renin forms, which may be important for the regulation of renin effects. 
Methods

Patients
The present study was approved by the Human Subjects Research Committee of Hennepin County Medical Center, and patients gave informed consent. The multiple renin form profiles of normal subjects were determined from peripheral blood plasma (400 il) after subjects had been seated for 30 minutes. The multiple renin form profile of secreted human renal renin, unmodified by hepatic degradation, was determined from the perfusate (100-200 fii) of cadaver donor kidneys. Two cadaver kidneys from the same donor were maintained ex vivo before transplant in the same pulsatile perfusion system at 7° C using a MOX-100 Oxygenator (Waters Instruments, Inc., Rochester, Minn.) with a recycled plasma medium previously treated with SiO 2 . A sample of the solution perfusing both kidneys was obtained by sterile technique after a perfusion time of 16-24 hours. Specimens were considered adequate for determination of the multiple renin form profile if the plasma renin concentration was greater than 5 ng angiotensin I (Ang I)/ml/hr.
The effect of hepatic degradation on the human multiple renin profile was assessed in plasma samples (400 £il) from the hepatic vein in comparison with the infrarenal vena cava in hypertensive patients undergoing routine renal vein renin studies to exclude renovascular hypertension. Hepatic vein sampling was completed by advancing the catheter into the vena cava above the renal veins and by confirming catheter placement with fluoroscopy and contrast injection. All patients were treated with antihypertensive drug therapy and most were receiving an angiotensin converting enzyme inhibitor. Hepatic degradation of renin could not be consistently shown in the hepatic vein compared with the inferior vena cava if plasma renin activity was less than 1 ng Ang I/ml/hr. Thus, only samples from patients with plasma renin activity greater than 1 ng Ang I/ml/hr were used for analysis.
Isoelectric Focusing
Plasma samples (400 fi\) from hepatic vein, infrarenal vena cava, or peripheral venous sites were prepared for focusing by adding 16 ^1 of 3 M sodium phosphate buffer (pH 6) and 12 mg fluted silicon dioxide (SiO 2 ). The mixture was then incubated with frequent vortexing for 30 minutes at room temperature and then centrifuged at 50,000g for 90 minutes at 4° C. The SiO 2 incubation resulted in a renin yield averaging 90% and was used to remove lipoproteins and fibrinogen, which would otherwise block renin from completely entering the focusing gels. Perfusates from cadaver donor kidneys were centrifuged at 2,000g for 20 minutes at 4° C, and 100-200 /A was applied directly to the focusing gels. No sample was concentrated before application to the gels.
Isoelectric focusing was performed in a similar manner to that described by Nguyen and Chrambach 17 using glass tubes 15 cm long (0.5 cm i.d.). A stable pH gradient was formed in the isoelectric focusing gels by equalizing the anolyte pH with the pH of the most acidic ampholyte present in the gel and by using isoelectric amino acid solutions such as anolyte and catholyte. The gels contained 5% acrylamide (99.9% pure, Bio-Rad Laboratories, Richmond, Calif.) and 0.15% Af,W-methylene-bis-acrylamide (Eastman Kodak Co., Rochester, N.Y.). The acrylamide solution was polymerized with ammonium persulfate and A^/V^/V'-tetramethylethylenediamine at final concentrations of 0.078% (wt/vol) and 0.06% (vol/vol), respectively. The polyacrylamide isoelectric focusing gels also contained 1.92% ampholine, pH 5-7, and 0.8% ampholine, pH 4-6 (Pharmacia LKB, Piscataway, N.J.). Each gel contained a volume of 2.6 ml polyacrylamide solution and was poured to a length of 13 cm. The upper (catholyte) and lower (anolyte) electrode solutions were 0.02 M L-histidine (free base form) and 0.02 M L-asparagine, respectively.
All electrofocusing was carried out at 20° C. The top of the gels facing the catholyte received as sample 25-200 Ail SiO 2 -treated plasma or 100-200 fi\ centrifuged cadaver kidney perfusate, depending on sample renin concentration. The electrofocusing run time was 23 hours. During the first hour, the voltage across the gels was increased gradually to 500 V and remained at 500 V for the duration of the run. Peak wattage per gel was not more than 1 W. After the run, each gel was removed from its tube and immediately frozen in a dry ice-methanol mixture. The frozen gel was then serially sliced into approximately 55 gel segments.
Each gel segment was eluted in an individual polystyrene tube with 125 (A of 0.1 M maleate buffer (pH 6) and 1% bovine serum albumin at 4° C for approximately 24 hours. The gel segments were then carefully removed, leaving behind approximately 90 fi\ eluant (with renin present, if the enzyme had focused in the corresponding gel segment). Each 90 fi\ of eluant was then combined with 27.6 yX of 24-hour bilaterally nephrectomized sheep plasma as an angiotensinogen source, 1.2 /xl 5% EDTA, 0.6 fil 6.6% 8-hydroxyquinoline, and 0.6 jz.1 1.79% dimercaprol with 3.3% benzyl benzoate in peanut oil as angiotensinase inhibitors. The total 120 fi\ was then incubated at 37° C for 1-3 hours. During the incubation, human multiple renin forms, if present, hydrolyzed sheep angiotensinogen to form Ang I. The Ang I generated in the entire 120 -^il incubation mixture was then measured by standard radioimmunoassay (see below). Between 85% and 105% of the applied renin activity could be accounted for in either the eluant or removed gel slices.
Five to eight renin forms were detected in the plasma and perfusate samples. Five renin forms (isoelectric points of 5.71, 5.57, 5.49, 5.22, and 5.08) accounted for an average 87.9% of the total renin activity recovered from the focusing gels and represented the major human forms. Other forms could
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not always be resolved and quantitated and hence were omitted from this study. Samples were not studied in duplicate.
Renin Form Analysis
For each focusing gel, the corresponding multiple renin forms were quantitated by summing the Ang I generated in each gel slice for each of the five major human renin forms. The total generated Ang I (renin activity) for each multiple renin form peak in the gel was then expressed as a percentage of the total renin activity recovered off the gel after subtraction of background renin activity.
The profile of net hepatic renin degradation was computed by subtracting the total generated Ang I of each hepatic vein renin form from the corresponding infrarenal vena cava renin form and then expressing the difference for each renin form as a percentage of the total degraded Ang I generation (renin activity). The percent of the total renin degraded in a single hepatic pass could then be computed for each renin form.
Plasma Renin Concentration
Each plasma sample was assayed for renin concentration to correlate plasma renin concentration (PRC) with the proportions of the heterogeneous renin forms. PRC was assessed under essentially renin substrate saturation conditions. Fifty microliters of a plasma sample was combined with 240 fi\ of 24-hour bilateral nephrectomized sheep plasma, 50 fi\ of 0.75 M sodium phosphate buffer pH 7.5, 15 fil of 5% EDTA, 5 fil 6.6% 8-hydroxyquinoline, and 5 /A of 1.7% dimercaprol at 0° C. The mixture was then incubated at 37° C for 0, 30, and 60 minutes, and the generated Ang I was measured by radioimmunoassay (see below). PRC is expressed as nanograms Ang I generated per milliliter plasma sample per hour assay incubation (ng Ang I/ml/hr). The PRC assay was run at pH 7.5 because human renin and sheep angiotensinogen exhibited a pH optima at pH=7.5.
The amount of generated Ang I in both the focusing gel segments and PRC assays is directly proportional to the concentration of renin in the eluant or sample as the enzymatic reaction proceeds with zero order kinetics. Linear generation of Ang I was confirmed by observation over time and by not allowing more than 1% of the available sheep angiotensinogen to be converted to Ang I during an incubation.
Angiotensin I Radioimmunoassay
The generation rate of Ang I was used as a measure of renin enzymatic activity in gel segment, PRC, and plasma renin activity assays. Plasma renin activity was expressed as nanograms Ang I per milliliter per hour. Ang I was measured by the method of Haber et al 18 using a Dupont radioimmunoassay kit for Ang I (New England Nuclear, Boston, Mass.). The radioimmunoassay data were made linear with a computerized log-logit transformation with resultant correlation coefficients greater than 0.99. The average percent error for predicting the absolute Ang I standard values (0.1 ng Ang I/ml to 5 ng Ang I/ml) was approximately 7%. Angiotensin recoveries from spiked samples were a function of the absolute Ang I concentration and were between 94% and 106% at Ang I concentrations between 0.1 and 5 ng/ml. All assays were kept between 0.1 and 5.0 ng Ang I/ml or reassayed with appropriate dilutions.
Statistical Analysis
Comparisons of the five major renin form proportions were made between normal plasma versus cadaver kidney perfusate and between infrarenal vena cava versus hepatic vein plasma. Comparisons between samples were made for each of the two more basic and the two more acidic renin forms separately, the two most basic renin forms combined, and the two most acidic renin forms combined. The intermediate renin form was excluded from statistical analyses to eliminate an obligate interrelation between the percentages of the renin forms analyzed. Combining renin forms allowed assessment of statistical differences without reference to exact isoelectric points. This was done because the resolution of the focusing gels may not have been sufficient to resolve all separate renin forms. The appropriate statistical method to assess differences in the proportions of the renin forms between samples was not clear. Therefore, differences in proportions of renin forms were assessed by both parametric and nonparametric tests because the multiple renin form proportions, while appearing normally distributed, did not meet strict criteria for normal distribution as their range was limited within 0 to 100%. Thus, unpaired data were assessed with both the Student's t test and the Mann-Whitney U test, and paired data were assessed with both a paired t test and Wilcoxon signed ranks test. Analysis of variance was not considered appropriate for the paired data, and multivariate analysis would have required excessively large sample populations. Differences in hepatic vein and infrarenal vena cava plasma renin activity and PRC were assessed with a paired / test. Results are reported as mean±l SD. Statistical significance was assumed at 0 . 0 5 (two-tailed).
Results
Five major renin activity peaks could be resolved and quantitated in all samples for multiple renin forms. The isoelectric focusing points of the five major human renin forms were 5.71, 5.57, 5.49, 5.22, and 5.08.
Normal subjects (n=10) had a mean plasma renin activity of 1.81 ±1.04 ng Ang I/ml/hr and PRC of 7.34±2.22 ng Ang I/ml/hr (Table 1) . Individual subjects showed variability in the relative proportions of the multiple renin forms: two subjects had a predominance of the most basic forms, and the remainder had a greater proportion of the three most acidic forms. The mean results (Table 1) for the two most basic forms to be present in the lowest proportions.
Kidney donors (n=6) were generally younger than normal subjects (25±13 versus 34±5 years, respectively) ( Table 2 ). All kidneys were transplanted and functioned well except for both kidneys from one donor; a necrotic pelvis developed in both kidneys after transplantation. The PRC of perfusates-was 40.0 ±37.1 ng Ang I/ml/hr with the PRC from each perfusate greater than the PRC from normal subjects (Table 2) , consistent with active renin secretion in the absence of hepatic renin degradation. The mean perfusate multiple renin form results (Table 2) and typical renin form profile ( Figure 1 , bottom panel) revealed a predominance of the most basic forms with a decrease in the percentage of each more progressively acidic form. A comparison of the five renin form proportions from the peripheral plasma of normal subjects and perfusate of cadaver kidneys revealed a significantly greater percentage of the two more basic forms in perfusates of cadaver kidneys (Table 3) . When the proportions of the two most basic forms or the two most acidic forms were combined, there was a significantly greater proportion of the basic forms and a significantly lesser proportion of the acidic forms from the cadaver kidney perfusates compared with normal peripheral plasma (Table 3) .
Hypertensive patients (n=6) were generally older than normal subjects (49±13 versus 34±5 years, respectively) and one (patient 2) was considered to have renovascular hypertension after study (Table 4) . Infrarenal vena cava plasma renin activity (21.6 ±32.2 ng Ang I/ml/hr) was greater than in the peripheral plasma of normal subjects, probably due in part to chronic stimulation of renin secretion by angiotensin converting enzyme inhibition in five of the hypertensive patients. Hepatic clearance reduced the plasma renin concentration by an average of 17.3±7.5% in a single pass across the liver and reduced the absolute amount of renin for each of the five major renin forms (Table 4) . Hepatic vein plasma contained proportionally less (p<0.05) of the two more basic renin forms when compared with the infrarenal vena cava plasma (Table 4 , Figure 2 ), indicating preferential hepatic extraction of relatively basic renin forms. When the proportions of the two most basic forms or the two most acidic forms were combined, there was a significantly lesser proportion of the basic forms (Table 4) . Discussion This study reveals at least five major forms of active renin in the peripheral plasma of normal subjects using shallow gradient isoelectric focusing. Peripheral plasma from kidney donors and patients undergoing renal vein renin studies were not available for comparison. Although renin forms from peripheral and infrarenal vena cava plasma should be similar in the same subject, in this study the renin form profile from infrarenal vena cava plasma of hypertensive patients had a small predominance of the more basic forms compared with the peripheral plasma of normal subjects. This difference in the proportions of the five major forms between normal subjects and patients may have resulted from the presence of hypertension in patients and the elevated plasma renin activity in patients compared with normal subjects, probably due to angiotensin converting enzyme inhibitor therapy.
These observations are consistent with previous studies, which have demonstrated heterogeneity of active renin in animals 9 and humans. 1011 Similarly, multiple forms of human prorenin have been identified. 1920 The mechanism responsible for renin isoelectric heterogeneity has not been established. However, renin is a glycoprotein, 2122 and heterogeneity of grycoproteins resulting from differential glycosylation (glycoforms) has been demonstrated for many glycoproteins. 23 Alternatively, differences in phosphorylation 24 or amino acid composition as a result of variable cleavage during processing 25 may contribute to isoelectric heterogeneity.
Rat active renin has recently been shown to possess a variable plasma half-life depending on carbohydrate content or glycosylation. 26 Because different isoelectric forms of renin exhibit pronounced differences in degradation rates in rats and dogs 1516 and in humans as reported in this study, it seems likely that the isoelectric heterogeneity of renin is due at least in part to differential glycosylation. Recent studies in rats have also suggested varying renal and brain effects of specific renin forms, 12 ' 13 differential blood pressure effects in stroke-prone hypertensive rats, 14 and differences in the renin form profile in Goldblatt hypertensive rats compared with control rats. 27 Thus, the heterogeneous renin forms identified by isoelectric focusing may differ with respect to glycosylation, resulting in varying rates of hepatic degradation and variable functional effects.
Isoelectric focusing revealed at least five major renin forms in the perfusate of normal kidneys maintained ex vivo in the absence of hepatic degradation of renin. The profile showed a predominance of the more basic forms, suggesting that the kidneys preferentially secreted the more basic renin forms. However, the exact isoelectric profile of normal renal renin secretion may not be reflected by the preparation since a selection bias may have been introduced by the need for kidneys to secrete sufficient renin for measurement of the multiple renin forms (65% of the perfusates contained sufficient renin for isoelectric focusing). Additionally, the renin form profile secreted by the ex vivo perfused kidneys could have been altered by renal ischemia, hypothermia, and the absence of normal mechanisms for control and stimulation of renin secretion. Nevertheless, these kidneys functioned well after transplantation, indicating minimal structural damage. The perfusate renin form profile also had a greater proportion of the more basic forms than the peripheral plasma of normal subjects. This finding is consistent with preferential secretion of the more basic forms by the kidney and also reflects the absence of hepatic degradation of the more basic forms in this ex vivo perfusate system. This study also demonstrates preferential hepatic degradation of the more basic renin forms in humans. Alternatively, the decrease in the proportions of more basic renin forms by the liver could be explained by interconversion to more acidic forms. This seems unlikely to be the predominant mechanism for this decrease in the more basic renin forms as total plasma renin activity and the absolute renin activity of each form decreased during passage through the liver. Because the liver is the predominant organ for renin clearance, the findings indicate that the more basic renin forms have a shorter plasma half-life than the more acidic forms. These studies were conducted in patients with essential and renovascular hypertension in whom a decrease in plasma renin activity across the liver could be demonstrated as well as during therapy with angiotensin converting enzyme inhibitors, drugs which can affect hepatic renin metabolism. 1 Thus, although these results may not be entirely representative of normal renin physiology, they do demonstrate the potential for the human liver to preferentially clear the more basic renin forms. In addition, these results are consistent with preferential hepatic clearance and a shorter plasma half-life of the more basic renin forms, which have been demonstrated in both the rat 15 and dog. 16 The mechanism of preferential clearance of the more basic renin forms by the human liver remains unclear, particularly because the exact molecular differences distinguishing the various renin forms are unknown. Renin is a glycosylated protein, 21 - 22 and hepatic membrane glycoprotein receptors mediate endocytosis and clearance of various glycoproteins. 28 - 29 Renin glycosylation in the rat is associated with preferential renin degradation by the liver. 26 - 30 Therefore, it is likely that heterogeneous glycosylation of renin contributes to the differential hepatic clearance of the multiple renin forms. Because it is unknown whether isoelectric focusing distinguishes renin forms solely by their carbohydrate structure, these considerations may not fully explain the differential hepatic clearance of the renin forms.
Plasma renin concentration can be controlled by factors, including the rates of renal renin secretion and hepatic degradation. Overall, the results of this study contribute two observations with implications for the short-term control of PRC. First, both the kidney and the liver appear to have the ability to process specific renin forms in a preferential manner: the kidney may preferentially secrete the more basic forms, and the liver can preferentially degrade the more basic forms. Although functional differences between these forms have not been demonstrated in humans, the different renin forms may have selective effects on the kidneys, central nervous system, and blood pressure of rats.
"
14 Human renin forms may have similar functional differences, and regulation of the levels of the different renin forms could be important for control of systemic renin activity. Second, the more basic renin forms have a shorter plasma half-life than the more acidic forms because they are preferentially cleared by the liver. Thus, if the findings of this study reflect normal physiology, an acute stimulus for renal renin secretion combined with ongoing hepatic renin degradation could result in preferential secretion of renin forms with the shortest plasma half-lives for fine short-term control of renin-angiotensin system effects.
